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Alpha-i Adrenergic Receptors in Renal Medullary Collecting Duct
Cells1
ABSTRACT
The stimulation of alpha-i adrenergic receptors in the mamma-
lien nephron increases sodium reabsorption. In this study, alpha-
1 adrenergic receptors in the inner medullary collecting duct
(IMCD) cells were examined by radioligand binding technique.
The IMCD cells were prepared from the rabbit kidney by incu-
bating the inner medullary slices with collagenase and treating
the isolated cells with hypotonic solution to lyse cells other than
IMCD cells. The equilibrium binding of [3H]prazosin to IMCD cell
homogenate was measured after incubation for 30 mm at 25#{176}C
in the absence (total binding) and the presence (nonspecific
binding) of 1 00 M phentolamine. The specific binding (the
difference between total and nonspecific binding) of [3H]prazosin
was saturable with a B, of 30 fmol/mg of protein and Kd of 0.9
nM. The displacement of [3Hjprazosin binding to IMCD cells by
adrenergic antagonists and agonists displayed the order of po-
tency: $-4-hydroxyphenyl-ethyl-amino-tetralone > phentolamine
> naphazoline > epinephrine > yohimbine > norepinephnne>
phenylephnne > propranolol. Because IMCD cells in the kidney
have a hypertonic environment, the specific binding of [3H]
prazosin to IMCD cells was also measured in a buffer that was
made hypertonic (1 200 mOsmol/kg of water) with NaCI and urea,
the major solutes of the renal medulla. The hyperosmolality
increased the Kd of [3H]prazosin to 5.2 nM without a change in
its Bmax. It is concluded that i) SpeCIfIC high-affinity alpha-i
adrenergic receptors are present in IMCD cells; and 2) the effect
of adrenergic drugs in the IMCD cells will depend on the renal
medullary osmolality that itself depends on the state of the
hydration of the animal.
The morphological evidence indicates that in addition to
renal blood vessels, almost all segments of the mammalian
nephron are under the influence of adrenergic nerves (Barajas
et at., 1984). An increase in low-frequency renal sympathetic
nerve activity increases reabsorption of sodium and decreases
its excretion in the urine in the absence of hemodynamic
changes in the kidney (DiBona, 1985). It has been suggested
that the alpha-i adrenergic receptors that are located at neu-
roeffector junctions along the nephron mediate this effect
(Hesse and Johns, 1984).
The mammalian nephron is a heterogenous unit. Although
specific apha-1 adrenergic receptors have been demonstrated
to be present in the whole kidney, these receptors have not
been characterized in various segments of the nephron. The
IMCD is the longest part of the collecting duct and is respon-
sible for the final composition of the urine. Its function has
been shown to be influenced by hormones and neurotransmit-
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ters such as vasopressin, atrial natriuretic peptide and cholin-
ergic agonists (Knepper and Star, 1990; Nonoguchi et aL, 1988;
McArdle and Garg, 1989). Very little is known about the effect
of adrenergic agents in this nephron segment.
The IMCD is exposed to osmolalities much greater than that
of the plasma. Recently, we reported that an increase in os-
molality ofthe incubation media decreases hormone-stimulated
P1 hydrolysis in the inner medullary slices (Garg et at., 19884;
Garg and Kapturczak, 1990) and in LLC-PK1 cells (Garg et at.,
1988b; Garg et at., 1990; Garg and Wozniak, in press). It is not
known whether the osmolality affects the binding ofthe agonist
to its receptor or some step beyond the ligand-receptor binding.
The purpose ofthis study was 2-fold: 1) to characterize alpha-
1 adrenergic receptors in IMCD cells by radiolabeled ligand
binding, and 2) to study the influence of renal medullary solutes
on the binding of alpha-i adrenergic ligands. We used [3H]
prazosin, a selective alpha-i adrenergic antagonist, in ligand
binding studies. Because the major solutes in the extracellular
fluid of the inner medulla are NaCl and urea, we used a mixture
of urea and NaCl to increase the osmolality of our buffers.
Methods
Preparation of IMCD cells. New Zealand White male rabbits
(3.5-4.0 lb) were used in all experiments. The animals were fed ad
1.0
mg protein
Fig. 1. Protein concentration dependency of[3Hlprazosin binding in IMCD
cell homogenates. In B, the specific binding component was calculated
as the difference between the total and nonspecific bindIng shown in A.
Each data point is the mean of duplicate determinations from three
animals.
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libitum with Purina rabbit chow and tap water. The IMCD cells were
isolated by modification of the method used by McArdle et at. (1989).
In brief, the rabbits were sacrificed by decollation, and the two kidneys
were excised and placed in ice-cold 0.9% saline solution. The kidneys
were decapsulated and the inner medulla (approximately 1 g of tissue)
was sectioned out and minced with the use of a Mcllwain Tissue
Chopper at a setting of 200 tim. The preparation was placed in a 0.1%
solution of Worthington Biochemical’s Type II collagenase in KRB
buffer: 118 mM NaC1, 4.7 mM KCI, 0.75 mM CaCl2, 1.18 mM KH2PO4,
1.18 mM MgSO4, 24.8 mM NaHCO3, and 10 mM glucose. The mixture
was saturated with 02/C02 (95:5) and placed in a water bath at 37C
for 1 hr. After this incubation, 150% by volume of water was added to
make the suspension hypotonic, resulting in the lysis of all cells except
those of the IMCD. This suspension was filtered through a 70-sm pore
size nylon gauze, and the filtrate was collected and centrifuged imme-
diately for 5 mm in a centrifuge (model CL; International Equipment
Co., Needham, MA). The cells in the pellet were resuspended in buffer
to concentrations dependent on the need of the particular experiment.
The protein concentration of the IMCD cells was determined in each
experiment by using the Lowry assay (Lowry et aL, 1951) with bovine
serum albumin as a standard.
The rationale for the preparation of IMCD cells by this procedure is
that 1) the IMCD cells comprise a major portion (>50%) of the inner
medulla (Knepper et aL, 1977) and are relatively resistant to collagenase
digestion and hypotonic treatment (Grenier et aL, 1981; Sato and Dunn,
1984); 2) the vascular smooth muscle cells, which also have adrenergic
receptors, are absent in the inner medulla; and 3) other cells such as
endothelial, interstitial and thin limb cells result in the lysis by colla-
genase digestion and hypotonic treatment. In addition, it has been
demonstrated by electron microscopy that the IMCD cells isolated by
this procedure do not contain vascular endothelial cells or interstitial
cells (Wuthrich et a!., 1986).
We examined the purity of our IMCD cell preparation by analysis
of the staining of the cells for lipids with Sudan Black. Lipid droplets,
which would be stained, are characteristic ofinterstitialcells (Wuthrich
et at., 1986). More than 95% of the cells remained unstained after
hypotonic treatment. In addition, we examined our cell preparation by
light microscopy at high power. More than 95% of the cells looked like
IMCD cells that are bigger than other cells present in the inner medulla.
Radioligand binding studies. A homogenate (>1 mg/ml) of the
IMCD cells was prepared using a Brinkman polytron (at setting 4 for
30 sec at 4C) in the presence of 5 M phenylmethylsulfonyl fluoride,
5 mM EDTA and 0.1% ascorbate dissolved in KRB (the homogenizing
buffer). A 200-zl aliquot of the prepared cell suspension was incubated
with [3H]prazosin in a final volume of 2 ml, in 13 x 100 borosilicate
glass tubes at 25’C for 30 mm. At the end of the incubation, samples
were diluted with approximately 5 ml of buffer at 4’C and filtered over
GF/C filters by using a Brandel M24 cell harvester (Brandel, Gaithers-
burg, MD). Filters were washed three times with ice-cold KRB buffer
and placed in scintillation vials containing 10 ml Liquiscint for count-
ing the radioactivity. The counting efficiency was approximately 33%.
For studying the dependency of [3Hlprazosin binding on protein
concentration, various amounts (0-1.5 mg) of IMCD cell homogenates
were incubated with 1 nM [3Hjprazosin in KRB buffer, pH 7.4, at 25’C
for 30 mm in a final volume of 2 ml. For the determination of
nonspecific binding, the samples contained 100 M phentolainine.
For kinetic studies 200 tl of the IMCD cell homogenate was incu-
bated with [3H]prazosin (1 nM) in a total volume of 2 ml at 25#{176}Cand
the reaction was stopped at various times between 0 and 50 mm. The
apparent rate constant for the psuedo-first-order reaction of the asso-
ciation (k.re) was calculated from the slope of the line relating ln[B.,,J
B., - B,] and incubation time. The dissociation of [3H]prazosin binding
was determined by incubating homogenized IMCD cells with the ligand
for 30 mm, then adding 100 M phentolamine and terminating the
reaction at various times (0 to 30 mm). The dissociation rate constant,
k2, was calculated from the slope of the line relating ln[B/Bo] and time
of incubation after addition of phentolamine. The second-order asso-
ciation rate constant, k1, was calculated according to the equation:
k1 = k. - k2/([3H]prazosin concentration).
For competition studies, the IMCD cell homogenate samples were
incubated for 30 mm at 25’C with [3Hjprazosin in the presence of
various concentrations of adrenergic agonists and antagonists. All
experiments were performed in duplicate samples.
To measure the effect of increasing osmolality on [3Hjprazosin
binding, the osmolality of the regular KRB buffer was increased to 600
and 1200 mOsmol/kg of water by addition of equiosmolar mixture of
NaC1 and urea (Garg et at., 1988a).
Statistics. The analysis was done using the analysis of variance for
observations that involved experiments with one factor and multiple
levels. Differences were considered significant if P s .05. The kinetic
data were analyzed by linear regression.
Chemicals. The sources of the drugs used were as follows: (-)-
norepinephrine bitartrate, (±)-epinephrine, L-phenylephrine hydro-
chloride, naphazoline hydrochloride, yohimbine hydrochloride, -pro-
pranolol hydrochloride (Sigma Chemical Co., St. Louis, MO), HEAT
(gift from Dr. K. Minneman, Emory University), prazosin HC1 (gift
from Pfizer Inc., Groton, CT), phentolamine mesylate (gift from Ciba-
Geigy Corp., Summit, NJ), [3H]prazosin (specific activity 85 Ci/mmol,
stored at -20’C in a 1:1 v/v ethanol/hydrochloric acid) (Amersharn
Corp., Arlington Heights, IL) and type II collagenase (Worthington
Biochemical Corp., Freehold, NJ). The chemicals used for the KRB
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Fig. 2. Time dependency of specific binding of [3Hjprazosin binding to
IMCD cell homogenates. Each point in A is the mean ± S.E.M. of
duplicate determinations from three animals. B is a natural logarithmic
plot of the data in A. B is the amount of [3Hjprazosin bound at
equilibrium and B is the amount bound at each time, t.
Results
Protein concentration dependency. The binding of [3H]
prazosin to a homogenate prepared from isolated IMCD cells
was dependent on the concentration of the cell proteins. Total
binding increased with increasing protein concentration; the
nonspecific binding increased to a lesser extent with a similar
increase in protein concentration (fig. 1A). The specific binding
of [3H]prazosin in the homogenate preparation of the IMCD
cells increased linearly up to approximately 0.75 mg of protein
per tube (fig. iB). The binding was saturated when protein
concentrations exceeded 1 mg of protein per tube. In the range
of 0.1 to 1.5 mg of proteins, the specific binding was 33% to
80% of the total binding. For characterization of the a’pha-i
receptor in IMCD cells, we used 0.2 mg of protein of the
homogenate per tube to ensure at least 50% specific binding.
Kinetic studies. Figure 2A shows that the binding of [3HJ
prazosin to the membranes of IMCD cells was time dependent.
Equilibrium was achieved after approximately 15 mm at 25#{176}C.
The apparent rate constant (k.) for the psuedo-first-order
reaction of association was 0.144/mm (fig. 2B).
Figure 3A demonstrates the reversibility of the binding of
[3H]prazosin to the IMCD cell preparation. The dissociation
rate constant (k2) was 0.084/mm (fig. 3B). The second-order
association rate constant (k1) calculated from kapp and k2 for
0.77 nM [3Hjprazosin used was 0.035/nM. The K = k2/k1 =
2.4 nM.
Fig. 3. Dissociation rate of [3H]prazosin in IMCD cell homogenates. The
data points in A are means ± S.E.M. of duplicate determinations from
three animals. B is the first-order rate plot of the dissociation of the
receptor-ligand complex where B, refers to the amount of the specific
binding at each time, t, and B0 (total binding at zero time) is the amount
of binding present immediately before the addition of phentolamine.
Equilibrium studies. The total binding increased with
increasing concentrations of the radiolabeled ligand. The in-
crease in nonspecific binding with increased ligand concentra-
tion was much less than the total binding (fig. 4A). As a result,
the effective binding (or specific binding) of [3H]prazosin to
IMCD cells was saturable at concentrations greater than 1.5
nM (fig. 4B). The specific binding was 33% to 65% of the total
binding. Scatchard analysis of the binding data resulted in a
straight line with a Kd of 0.9 nM and a Bmax of 30 fmol/mg of
protein (fig. 5).
Competition studies. Incubation of IMCD cell preparation
with [3H]prazosin in the presence ofvarious adrenergic agonists
and antagonists produced a dose-dependent inhibition of the
binding (fig. 6). In general, agonists were much less active than
antagonists at displacing [3H]prazosin bound to IMCD cell
homogenates. Among the agonists, naphazoline was the most
active and phenylephrine was the least active in displacing [3HJ
prazosin from IMCD cells (fig. 6A). Of the adrenergic antago-
nists, HEAT (a selective alpha-i antagonist) was the most
potent and propranolol (a selective beta adrenergic antagonist)
was the least potent at displacing [3H]prazosin binding (fig.
6B). These results indicate that [3Hjprazosin binds selectively
to atpha-i adrenergic receptors in IMCD cells.
The calculated IC,o values of both the agonists and antago-
nists used in this study are shown in table 1. The displacement
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Fig. 4. Concentration dependency of [‘H]prazosin binding in IMCD cell
homogenates. Each point is the mean of duplicate determinations from
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Fig. 5. Scatchard analysis of the specific binding data shown in figure
4B.
nists and agonists displayed the order of potency: HEAT>
phentolamine > naphazoline > epinephrine > yohimbine >
norepinephrine > phenylephrine > propranolol.
Effect of osmolality on [3H]prazosin binding. There was
a significant decrease in the total and specific binding of [3H]
prazosin to IMCD cell preparations when the osmolality of the
medium was increased to 600 or 1200 mOsmol/kg of water (fig.
7A) by adding a 50:50 mixture of NaCl and urea to simulate
the in vivo conditions of renal medulla. The specific binding of
[3H]prazosin decreased from 24 ± 1.45 fmol/mg of protein at
300 mOsmol to ii ± 1.33 fmol/mg of protein at 600 mOsmol/
kg ofwater and to 8 ± 0.58 fmol/mg ofprotein at 1200 mOsmol/
kg of water.
To determine whether the effect of osmolality is on the
affinity and the receptor density, we measured ligand binding
at various concentrations of [3H]prazosin at two osmolalities
(300 and 1200 mOsmol/kg of water). Scatchard analysis re-
vealed that an increase in osmolality to 1200 mOsmol/kg of
water increased the Kd of [3H]prazosin in IMCD cells from 0.78
nM to 5.21 nM without a change in the B (fig. 7B).
Discussion
Through receptor binding experiments with the radiolabeled
alpha-i receptor antagonist, [3H]prazosin, we were able to
1084 Clarke and Garg Vol. 259
-12  -8 .6 .4 .2
Log. (Antagonist] (M)
Fig. 6. Displacement of [3H]prazosmn binding from IMCD cell homoge-
nates by adrenergic agonists (A) and antagonists (B). Each displacement
curve represents a plot of means of duplicate determinations from three
animals.
TABLE 1
Comparison of ICse values of various adrenergic agonists and
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Kda5.21 nM1 .OOe-5
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Fig. 7. Effect of osmolality on the binding of [3H]prazosin to IMCD cell
homogenates. In A, the values are mean ± S.E.M. of duplicate determi-
nations from three animals.  < .05 vs. total binding at 300 mOsmol/kg
of water. tP  .05 vs. specific binding P  .05 vs. specific binding at
300 mOsmol/kg of water. B is the Scatchard analysis of data of the
variation of specific binding with increasing concentrations of [3H]prazo-
sin. The open squares with a dot represent data obtained in regular KAB
buffer (300 mOsmol/kg of water) and the solid diamonds represent data
obtained in KRB buffer made hyperosmolar (1 200 mOsmol/kg of water)
by adding NaCI and urea.
TABLE 2
Comparison of K, and B,,,.,, of [3H]prazosin binding in IMCD cells
with previously reported data in the kidney





Rat, whole kidney 0.85 57 Schmitz et al. , 1981
Rat, whole kidney 0.57 121 Smyth et al. , 1984
Rat, cortex 0.17 64 Snavely and Insel, 1982
Rat, cortex 0.6 84 Jeffenes et al. , 1988
Rat, proximal convoluted 0.1 100 Sundaresan et al. , 1987
tubules
MDCK cells 0.1#{176} 24 Meier et a!., 1985
IMCD cells 0.9 30 Present study
a Radiolabeled hgand used was [mnIJH EAT.
demonstrate that saturable alpha-i binding sites are present in
the IMCD, a segment responsible for determining the final
composition of the urine. Because alpha-i selective antagonist
(HEAT) competed more effectively than did yohimbine (an
alpha-2 antagonist) and propranolol (beta antagonist) (fig. 6B),
it is apparent that [3H]prazosin was binding selectively to
alpha- 1 adrenergic receptors. Most of the previous studies were
performed on the membranes prepared either from the whole
rat kidney (Schmitz et aL, 1981) or from the renal cortex
(Snavely and Insel, 1982; Summers, 1984; Jefferies et at., 1988).
These membranes are derived from several types of renal
tubules which have been shown to differ in their function
(Morel and Chabardes, 1985). Recently, alpha-i adrenergic
receptors have been characterized in preparations enriched in
proximal convoluted tubules (Sundaresan et at., 1987). In the
present study, we have characterized alpha-i adrenergic recep-
tors in the IMCD cells that were isolated by treating the inner
medullary slices with collagenase and hypotonic solution. This
procedure resulted in the lysis of endothelial, interstitial and
thin limb cells without affecting IMCD cells that are relatively
resistant to collagenase digestion and hypotonic treatment
(Wuthrich et al., 1986) and comprise a major portion (>50%)
of the inner medulla in the animal (Knepper et at., i977). This
way we used a preparation enriched with IMCD cells (approx-
imately 95%) that contain only very small amounts of mem-
branes from other types of cells. The Kd value for [‘H]prazosin
binding in this IMCD cell preparation is comparable with the
values reported in other studies on the kidney and in cultured
MDCK cells (table 2).
The linearity of Scatchard plots for [3H]prazosin binding to
IMCD cell preparations indicates a single subtype of alpha-i
adrenergic receptors in IMCD cells. The Bmaz for [3H]prazosin
binding sites was similar to that of HEAT binding sites in
MDCK cells but was lower than that of the preparations from
proximal tubular cells or from the renal cortex (table 2). This
is consistent with the lower degree of nonadrenergic innerva-
tion to the collecting ducts than the proximal nephron segments
(Barajas et aL, 1984) and with the lower grain density of alpha-
i adrenergic receptors in medullary tubules than in cortical
tubules in autoradiographic studies (Muntz et al., 1985).
It is not known whether the alpha-i adrenergic receptors in
the IMCD cells are present in apical or the basolateral mem-
branes. The studies performed on the membranes prepared
from the renal cortex have shown that alpha-i adrenergic
receptors in cortical nephron segments are concentrated in the
basolateral membranes (Matsushima et at., 1986; Jensen and
Berndt, 1988). It is likely that alpha-i adrenergic receptors in
the IMCD cells are also present on the basolateral membranes.
The interstitial fluid of the renal medulla is hypertonic
compared with the plasma. The osmolality of the renal medulla
is much higher under dehydrated conditions than under hy-
drated conditions. The major osmolytes in the renal intersti-
tium are sodium chloride and urea (Schmidt-Nielsen et at.,
1983). Previously we have reported that an increase in osmo-
lality of the incubation medium to 1200 mOsmol/kg of water
by NaC1 and urea decreases the specific binding of [3H]-i-
quinuclidinyl(phenyl-4)-benzilate (a muscarinic antagonist) to
the IMCD cells (Garg and McArdle, 1990). In the present study,
we have demonstrated that a similar increase in osmolality by
NaC1 and urea decreases the specific binding of [3H]prazosin
in the IMCD cells (fig. 7A). Additional experiments on [3H]
prazosin binding to IMCD cells show that the increase in
osmolality of the incubation media decreases the affinity of the
ligand without a change in the Bmaz (fig. 7B). Taken together,
these results suggest that the effect of neurotransmitters would
be less in the dehydrated animal than in the hydrated animal.
It should be pointed out that the increase in osmolality of
incubation medium to 1200 mOsmol/kg of water decreases but
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does not abolish the specific binding of cholinergic or adrenergic
antagonists to their receptors to the renal medullary cells. On
the other hand, a similar increase in the osmolality of the
incubation medium to 1200 mOsmol/kg of water completely
abolishes the hormone-stimulated P1 hydrolysis in the inner
medullary slices (Garg et at., i988a; Garg and Kapturczak,
1990). In addition, vasopressin-, oxytocin- and norepinephrine-
stimulated P1 hydrolysis in LLC-PK1 cells is also abolished at
1200 mOsmol/kg of water (Garg et at., 1988b; Garg et at., 1990;
Garg and Wozniak, in press). Our preliminary results on nor-
epinephrine-stimulated P1 hydrolysis indicate that an increase
in osmolality of the incubation medium to 1200 mOsmol/kg of
water also abolishes alpha-i adrenergic agonist-stimulated P1
hydrolysis in IMCD cells (Clarke and Garg, 1990). Taken
together, all these results indicate that the increase in osmolal-
ity not only decreases the binding of the ligand to its receptors
but probably also affects an additional step that may be re-
quired for P1 hyrolysis.
The functional role of alpha-i adrenergic receptors in the
IMCD is not known. The activation of alpha-i adrenergic
receptors in the whole kidney produces antidiuresis effect. A
part of this effect is due to renovascular vasoconstriction
(Schmitz et aL, 1981; Cooper and Malik, i985; Smyth et at.,
1985). The evidence that the renal tubules are innervated by
adrenergic nerves (Barajas et at., 1984) and an increase in low-
frequency nerve activity decreases sodium excretion in the
absence of hemodynamic changes in the kidney (DiBona, 1985;
Hesse and Johns, 1984) indicates a direct action of alpha-i
drenergic drugs on the renal tubules also. The stimulation of
alpha-i adrenergic receptors in the proximal tubules has been
shown to enhance sodium and water reabsorption (DiBona,
i985; Smyth et at., i985). There is some evidence to suggest
that increase in sodium absorption in the proximal tubules by
alpha-i adrenergic agonists is due to an increase Na/H anti-
porter activity in this segment (Gesek et aL, 1989). Adrenergic-
mediated increase in sodium chloride reabsorption has also
been demonstrated in the loop of Henle (DiBona, i985). It is
likely that activation of alpha-i adrenergic receptors in the
IMCD also stimulates sodium reabsorption.
The conditions under which renal nerves and alpha-i adre-
nergic receptors play a role in sodium absorption in renal
tubules have been reviewed recently (DiBona, i989). It has
been suggested that renal nerves play a significant role in
conservation of sodium during salt restriction. Under these
conditions, the IMCD, being the terminal segment, may play a
critical role in conservation of sodium.
In summary, we have demonstrated that specific a’pha-i
adrenergic receptors are present in the IMCD cells. The binding
with the radiolabeled ligand [3H]prazosin was saturable and
reversible. The binding affinity of the receptor for the ligand
[3H]prazosin is similar to that in the preparations from other
types of renal tubule cells. The binding is compromised when
exposed to a hypertonic environment that is normally present
in the renal medulla.
Acknowledgment
The authors thank Ms. Judy Adams for secretarial assistance in preparing
this manuscript.
References
BARAJAS, L., POWERS, K. AND WANG, P.: Innervation of the renal cortical
tubules: A quantitative study. Am. J. Physiol. 247: F50-F60, 1984.
CLARKE, D. AND GARG, L. C.: Stimulation of phosphoinositide hydrolysis by
adrenergic agonists in the inner medullary collecting duct (Abstract). Kidney
mt. 37: 206, 1990.
COOPER, C. L. AND MALIK, K. U.: Prostaglandin synthesis and renal vasocon-
striction elicited by adrenergic stimuli are linked to activation of aipha-1
adrenergic receptors in the isolated rat kidney. J. Pharmacol. Exp. Ther. 233:
24-31, 1985.
DIBONA, G. F.: Neural regulation of renal tubular sodium reabsorption and renin
secretion. Fed. Proc. 44: 2816-2822, 1985.
DIBONA, G. F.: Neural control of renal tubular solute and water transport. Miner.
Electrolyte Metab. 15: 44-50, 1989.
GAnG, L. C. AND KAPTURCZAK, E.: Stimulation of phosphomositide hydrolysis
in renal medulla by vasopressin. Endocrinology 127: 1022-1027, 1990.
GanG, L. C., KAPTuRczAK, E. AND MCARDLE, S.: Effects of osmolality on
phosphoinositide hydrolysis in renal medulla. J. Pharmacol. Exp. Ther. 247:
495-501, 1988a.
GARG, L. C., KAPTURCzAK, E., STaiNna, M. AND PHILLIPS, M. I.: Vasopressin
stimulates phosphoinositide hydrolysis in LLC-PK1 cells. Am. J. Physiol. 255:
C502-C507, 1988b.
GRG, L. C. AND MCARDLE, S.: Cholinergic stimulation of phosphoinositide
hydrolysis in renal medulla. In Diuretics III, ed. by J. B. Puschett and A.
Greenberg, pp. 695-705, Elsevier, Amsterdam, 1990.
GutG, L. C. AND WozNiAK, M.: a,-Adrenoceptor-mediated phophomositide
hydrolysis in renal epithelial cells. Contrib. NephroL, in press.
G4utG, L. C. AND WozNLx, M. AND PHILLIPS, M. I.: Stimulation of phosphoi-
nositide hydrolysis by oxytocin in renal epithelial cells. J. Pharmacol. Exp.
Ther. 252: 552-557, 1990.
GESEK, F. A., CRAGOE, E. J. AND STRANDHOY, J. W.: Synergistic alpha-i and
alpha-2 adrenergic stimulation of rat proximal nephron Na/H exchange. J.
Pharmacol. Exp. Ther. 249: 694-700, 1989.
GRENIER, F. C., ROLLINS, T. E. AND SMITH, W. L.: Kinin-induced prostaglandin
synthesis by renal papillary collecting tubule cells in culture. Am. J. PhysioL
241: F94-F104, 1981.
HESSE, I. F. A. AND JOHNS, E. J.: The role of a-adrenoceptor involved in the
neural control of renal tubular sodium reabsorption in the rabbit. J. PhysioL
(Lond.) 352: 527-538, 1984.
JEFFERIES, W. B., YANG, E. AND PETTINGER, W. A.: Renal a1-adrenergic receptor
response coupling in spontaneously hypertensive rats. Hypertension 12:
80-88, 1988.
JENSEN, R. E. AND BERNDT, W. 0.: Characterization of adrenergic receptors on
proximal tubular basolateral membranes. Life Sci. 43: 1473-1478, 1988.
KNEPPER, M. A., DANIELSON, R. A., SAIDEL, G. M. AND POST, R. S.: Quantitative
analysis of renal medullary anatomy in rate and rabbits. Kidney mt. 12:
313-323, 1977.
KNEPPER, M. A. AND STAR, R. A.: The vasopressin-regulated urea transporter
in renal inner medullary collecting duct. Am. J. Physiol. 259: F393-.F401,
1990.
LOWRY, 0. H., ROSEBROUGH, N. J., FARR, A. L. AND RANDALL, R. J.: Protein
measurement with the Folin phenol reagent. J. BioL Chem. 103: 265-275,
1951.
MATSUSHIMA, Y., AKABANE, S. AND ITO, K.: Characterization of a1- and a2-
adrenoceptors directly associated with basolateral membranes from rat kidney
proximal tubules. Biochem. PharniacoL 35: 2593-2600, 1986.
MCARDLE, S., AND GARG, L. C.: Cholinergic stimulation of phosphoinositide
hydrolysis in renal medullary collecting duct cells. J. PharmacoL Exp. Ther.
248: 682-686, 1989.
MCARDLE, S., GAnG, L. C. AND Casws, F. T.: Cholinergic receptors in renal
medullary collecting duct cells. J. Pharmacol. Exp. Ther. 248: 12-16, 1989.
MEIER, K. E., SPERLING, D. M. AND IN5EL, P. A.: Agonist-mediated regulation
of a,- and 92-adrenergic receptors in cloned MDCK cells. Am. J. PhysioL 249:
C69-C77, 1985.
MOREL, F. AND CHABARDES, D.: Functional segmentation of the nephron. In
The Kidney. Physiology and Pathophysiology, ad. by D. W. Seldin and G.
Geibisch, vol. 1, pp. 519-530, Raven Press, New York, 1985.
MUNTZ, K. H., GARCIA, C. AND HAGLER, H. K.: a,-Receptor localization in rat
heart and kidney using autoradiography. Am. J. Physiol. 249: H512-H519,
1985.
NONOGUCHI, H., SANDS, J. M. AND KNEPPER, M. A.: Atrial natriuretic factor.
inhibits vasopressin-stimulated osmotic water permeability in rat inner med-
ullary collecting duct. J. Clin. Invest. 82: 1383-1390, 1988.
SATO, M. AND DUNN, M. J.: Interactions with vasopressin, prostaglandins and
cAMP in rat renal papillary collecting tubule cells in culture. Am. J. PhysioL
247: F423-F433, 1984.
SCHMIDT-NIELSEN, B., GRAvES, B. AND ROTH, J.: Water removal and solute
additions determining increases in renal medullary osmolality. Am. J. PhysioL
244: F472-F482, 1983.
SCHMITZ, J. M., GRAHAM, R. M., SAGALOWSKY, A. AND PE’ITINGER, W. A.:
Renal atpha-1 and aipha-2 adrenergic receptors: Biochemical and pharmaco-
logical correlations. J. Pharmacol. Exp. Ther. 219: 400-406, 1981.
1991 Alpha.I Adrenoceptors in MCD Cells 1087
SMYTH, D. D., UMEMURA, S. AND PETFINGER, W. A.: Alpha-i adrenoceptor
selectivity of phenoxybenzamine in the rat kidney. J. Pharmacol. Exp. Ther.
230: 387-392, 1984.
SMYTH, D. D., UMEMURA, S. AND PETI’INGER, W. A.: Renal nerve stimulation
causes a1-adrenoceptor mediated sodium retention but not a2-adrenoceptor
antagonism ofvasopressin. Circ. Has. 57: 304-311, 1985.
SNAVELY, M. D. AND INSEL, P. A.: Characterization of a-adrenergic receptor
subtypes in the rat cortex. MoL Pharniacol. 22: 532-536, 1982.
SUMMERS, R. J.: Renal a-adrenoceptors. Fed. Proc. 43: 2917-2922, 1984.
SUNDARESAN, P. R., FORTIN, T. L. AND KELvIE, S. L.: a- and -Adrenergic
receptors in proximal tubules of rat kidney. Am. J. Physiol. 253: F848-F856,
1987.
WUTHRICH, R. P., LOUP, R., FAVRE, L. AND VALLOVFON, M. B.: Dynamic
response of PG synthesis to peptide hormones and osmolality in renal tubular
cells. Am. J. Physiol. 250: F790-F797, 1986.
Send reprint requests to: Lal C. Garg, Ph.D., Department of Pharmacology
and Therapeutics, University of Florida College of Medicine, Health Science
Center, P.O. Box 100267, Gainesville, FL 32610-0267.
